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ABSTRACT
This is the first paper in a series devoted to review the main properties of galaxies
designated S0 in the Hubble classification system. Our aim is to gather abundant and,
above all, robust information on the most relevant physical parameters of this poorly-
understood morphological type and their possible dependence on the environment
that could later be used to assess their possible formation channel(s). The adopted
approach combines the characterisation of the fundamental features of the optical spec-
tra of 68,043 S0 with heliocentric z . 0.1 with the exploration of a comprehensive set of
their global attributes. A principal component analysis is used to reduce the huge num-
ber of dimensions of the spectral data to a low-dimensional space facilitating a bias-free
machine-learning-based classification of the galaxies. This procedure has revealed that
objects bearing the S0 designation consist, despite their similar morphology, of two
separate sub-populations with statistically inconsistent physical properties. Compared
to the absorption-dominated S0, those with significant nebular emission are, on aver-
age, somewhat less massive, more luminous with less concentrated light profiles, have
a younger, bluer and metal-poorer stellar component, and avoid high-galaxy-density
regions. Noteworthy is the fact that the majority of members of this latter class, which
accounts for at least a quarter of the local S0 population, show star formation rates
and spectral characteristics entirely similar to those seen in late spirals. Our findings
suggest that star-forming S0 might be less rare than hitherto believed and raise the
interesting possibility of identifying them with plausible progenitors of their quiescent
counterparts.
Key words: galaxies: elliptical and lenticular – galaxies: stellar content – galaxies:
evolution – galaxies: formation – galaxies: general
1 INTRODUCTION
Hubble (1936) introduced in his book The Realm of Nebu-
lae a hypothetical class of S0 galaxies that were supposed to
have intermediate characteristics between those of E (ellip-
tical) and S (spiral) galaxies. Later works by Hubble himself
and other eminent morphologists (see, for example, the re-
view on the early history of galaxy classification by Sandage
2005) indicated that the lens-shaped galaxies that were often
found in galaxy aggregations had to be identified as the S0
postulated by Hubble. This identification seemed reasonable
because (typical) lenticular galaxies (from now on the terms
S0 and lenticular will be used indifferently) contain both a
significant spheroidal central component and a disc compo-
nent. Although these two structural elements are present to
? E-mail: jtous@fqa.ub.edu (JLT)
a greater or lesser extent in most spirals – the exception
being some bulgeless discs –, the main difference between
them and lenticulars is that the objects of the latter class
host thick and smooth discs, without spiral structure and
that consist mainly of aging stars.
Fifteen years later, the observation that S0, unlike in
the field, comprise the dominant population in the central
regions of many rich clusters of galaxies led Spitzer & Baade
(1951) to suggest that such objects were, in fact, spirals
from which the interstellar gas has been removed by col-
lisions with other galaxies, quenching the star formation in
the discs. It would take twenty-one more years to realise that
it was much more likely that the gas-sweeping mechanism
operating in these large structures is actually the ram pres-
sure produced by the intracluster medium upon the discs as
galaxies move through the cluster (Gunn & Gott 1972).
The view that the cluster environment can drive the
© 2020 The Authors
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transformation of S into S0 is supported by several pieces
of observational evidence. One of the most important is
the morphology-density relation in rich clusters (Dressler
1980; Postman & Geller 1984; Giovanelli et al. 1986; Goto
et al. 2003; Cappellari et al. 2011; Houghton 2015), which
convincingly demonstrates that in such systems the num-
ber fraction of S0 rises with local projected density at the
same pace that the S+Irr (irregular) fraction diminishes.
Yet, the most direct evidence that late-type galaxies (LTG)
may evolve in dense environments to become S0 is what is
generically known as the Butcher-Oemler effect (Butcher &
Oemler 1978) consisting in the observation that a number
of moderately high-redshift (z ∼ 0.4 – 0.5) clusters contain a
higher proportion of blue, star-forming objects, as well as a
factor two lower S0 and E fractions than local galaxy asso-
ciations (e.g. Couch et al. 1994; Dressler et al. 1997; Couch
et al. 1998; Poggianti et al. 1999; Fasano et al. 2000; Treu
et al. 2003).
In spite of being the dominant constituent in the in-
ner regions of many rich clusters, S0 also occur, albeit less
frequently – in terms of the relative population fractions,
but not necessarily in terms of global numbers –, in small
groups and even in the general field, where one can hardly
expect that hydrodynamic interactions between the inter-
stellar medium (ISM) and the much more tenuous inter-
galactic gas account for their formation. The presence of
bulge-enhanced, spiral-less disc galaxies in lower-density en-
vironments is explained instead by invoking close gravita-
tional interactions between pairs of late-type objects that
may lead to their merger (Barnes 1999; Querejeta et al. 2015;
Eliche-Moral et al. 2018), since this sort of transformation
mechanism is most effective when the relative speeds of the
galaxies are low and similar to the internal velocities of their
stars.
We are therefore confronted with the possibility that
galaxies that fit into Hubble’s S0 class may have followed
at least two distinct formation pathways: some could be de-
scendants of evolved S and/or Irr whose gaseous component
is swept by the dense intracluster medium and their shapes
altered by tidal interactions either with the global cluster
potential, or with other cluster members, or both (Moore
et al. 1996), while other, in good agreement with the stan-
dard hierarchical scenario of structure formation, could be
the result of the merger of smaller disc systems (note that
in both cases the ancestors must always be objects of late
type).
Past efforts to understand S0 and their origin have fo-
cused essentially on studying the gross properties of these
objects inferred from photometric data in one or more broad
wavelength bands, from radio to X-rays. There have been
works devoted to analyse, for instance, either the luminosi-
ties and sizes of the bulge component (Solanes et al. 1989;
Barway et al. 2007; Mishra et al. 2017), or the global lumi-
nosity function (Burstein et al. 2005), or the Tully-Fisher
relation, both standard (Hinz et al. 2003; Bedregal et al.
2006; Williams et al. 2010; Davis et al. 2016) and baryonic
(den Heijer et al. 2015). Such investigations have often pro-
duced mixed results regarding the parentage of S0 galaxies,
which have led to the proposal of multiple formation theories
(see, e.g. van den Bergh 2009) whose imprints in the observ-
able properties of the remnants are, nevertheless, difficult to
discriminate.
However, it is quite rare to find statistical studies fo-
cusing on the stellar content of S0 that deal with the wealth
of information that is revealed when the emitted light is di-
vided into its component wavelengths. The main reason is
the much longer time-scales required to get a single usable
data element, i.e. a spectrum pixel with a sufficiently high
signal-to-noise ratio (S/N), compared to photometric obser-
vations which measure light over much broader wavelength
bands. Fortunately, this situation has gradually changed
over the course of this century thanks to the advent of multi-
object spectrographs that allow multiple galaxies to be ob-
served in a single exposure, increasing the census of spectra
available to the astronomical community by 10–50 times.
One of the most paradigmatic examples of these ground-
breaking surveys is perhaps the Sloan Digital Sky Survey
(SDSS; York et al. 2000), which over the last seventeen years
has obtained optical single-fibre spectra for nearly a million
galaxies in approximately 8000 square degrees of the sky as
regards only the nearby universe (z . 0.25).
This is precisely the approach taken by Xiao et al.
(2016), who have investigated the nuclear activities of a
sample of 583 nearby S0 galaxies observed with the SDSS
spectrograph with high S/N. After dividing their dataset
into galaxies with and without significant nebular emissions,
these authors used the BPT diagnostic diagram (Baldwin
et al. 1981) which determines the ionisation mechanism from
the flux ratios of four main emission lines, to classify their
emission-line objects into star-forming galaxies, composite
galaxies, Seyfert galaxies, and LINER. Like previous stud-
ies have found, their analysis revealed that star-forming S0
have lower stellar masses and luminosities, and bluer global
colours than the rest, while a more detailed analysis based on
photometric 2D bulge-disc decomposition of a subset of their
data reveals that these galaxies also have central regions
with a low (n < 2) Se´rsic index that, in a substantial number
of cases, are bluer than the discs. These results, which agree
with photometric studies that also hinted at the existence
of two sub-classes of S0 (e.g. Barway et al. 2013), support a
picture in which star-forming S0 form through the accretion
of gas from an external source – a gas-rich dwarf or a cos-
mological cold-gas filament – into a progenitor disc galaxy
that leads to a short-lived burst of final star formation1.
Besides, Xiao et al. also find evidences that activity and en-
vironment are related, since they observe that S0 with ob-
vious signs of star formation and/or of hosting active galac-
tic nuclei (AGN) reside essentially in low-density regions,
while S0 with low-level emission lines (S/N < 3) or with
classic absorption-line spectra populate environments with
a broader range of densities. In an earlier work, Helmboldt
et al. (2008) reached similar conclusions regarding the typ-
ical masses and local environments of actively star-forming
early-type galaxies.
The spectral analyses of galaxies have recently broken
newer ground with the measurement of spectra at multiple
points in the same object using fibre bundles closely packed
into hexagonally-shaped integral field units. The Mapping
of Nearby GAlaxies survey (MaNGA; Bundy et al. 2015) is
1 Formation driven by dissipative processes may also explain the
ubiquity of S0 with counter-rotating gas and stars (see, e.g. Tapia
et al. 2017, and references therein).
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a large-scale integral field spectroscopy (IFS) galaxy census
included in the ongoing core projects of the fourth SDSS
phase (Blanton et al. 2017) that is using the two BOSS
spectrographs to provide spatially-resolved spectral infor-
mation on thousands of nearby objects. In a recent work,
Fraser-McKelvie et al. (2018) have investigated the stel-
lar populations of both the bulge and disc components of
a subset of 279 S0 galaxies selected from a partial release
of MaNGA’s observations. They extract four Lick indices
from the spectral datacubes and use them to measure light-
weighted stellar ages, metallicities, and α-enhancement pa-
rameters. When represented graphically, the index–index di-
agrams and the implied stellar age–metallicity plots for both
regions show bimodal distributions strongly correlated with
the stellar mass. The clear bimodality revealed by the spec-
troscopic data leads these authors to conclude that they are
observing two distinct populations of S0 galaxies: one that is
old, massive and metal-rich, and that possesses bulges that
are predominantly older than their discs, and the other that
comprises a younger stellar population, that is less massive
and more metal-poor, and that has bulges with more re-
cent star formation than the discs. In agreement with Xiao
et al. (2016), the correlations inferred are found to extend
to the light profiles and colours of the central regions, with
low-mass galaxies harbouring a larger fraction of what they
call pseudo-bulges and being more star forming, while the
opposite is true for higher mass galaxies. This duality in
the structural relations of the S0 galaxies points, accord-
ing to the estimates by Fraser-McKelvie et al., to separate
formation sequences that would be independent of the envi-
ronment: the low-mass S0 would be the outcome of fading
spirals, while their higher-mass counterparts would preferen-
tially arise from mergers. Nonetheless, because nearby clus-
ter S0 are underrepresented in the MaNGA’s galaxy sample
used, it is also emphasised that this conclusion cannot be
extrapolated to regions of high galaxy density.
This is the first article in a series dedicated to investi-
gate the physical properties of the galaxies classified as S0
within the local universe (z . 0.1). Our aim is increasing our
understanding of the members of this special morphological
class that connects the two extremes of the Hubble sequence
and, ultimately, identifying the formation channels that they
may have followed. In Section 2 we give the details of the
different databases adopted for this study, which takes as
its core data the several tens of thousands optical integrated
spectra retrieved from the Main Galaxy Sample (MGS) of
the Sloan Legacy Survey (Strauss et al. 2002), a magnitude-
limited spectroscopic catalogue that was completed during
the original SDSS observing plan, which ran from 2000 to
2008. The single-fibre SDSS spectra are cross-matched with
several public photometric datasets, including the recently
published catalogue by Domı´nguez Sa´nchez et al. (2018) of
morphologies for MGS galaxies inferred using Deep Learn-
ing algorithms and our own determination of the galaxy lo-
cal density. The adequate exploitation of this large body of
data demands the use of automated diagnostic tools capa-
ble of extracting as much objective information as possible
on the properties of the galaxies. Besides, we want to take
advantage of all the information contained in the full range
of wavelengths covered by the spectra instead of using just
a few spectral lines. To satisfy both requirements, we apply
in Section 3 the well-known exploratory technique of Princi-
pal Component Analysis (PCA; e.g. Ronen et al. 1999, and
references therein), which provides an optimal representa-
tion of the data in terms of a few mutually-orthogonal lin-
ear variables that discriminate most effectively among the
galaxy spectra. After discussing the outcome of the PCA
in Section 4, we carry in Section 5 a detailed analysis of
the physical characteristics of the major spectral classes into
which the S0 population can be subdivided within the sub-
space defined by the projection of their spectra on the first
and second principal components. Finally, in Section 6 we
summarise this work, discuss its main findings and present
our conclusions. Three Appendices provide evidence of the
statistical soundness of our results and complete the infor-
mation given in the main text.
2 THE DATABASE
2.1 Target selection
The source of galaxy spectra is the version of the MGS
database included in the twelve Data Release of the SDSS
(SDSS-DR12; Alam et al. 2015). The MGS provides reduced
spectroscopic observations for extended objects (galaxies)
that are essentially complete for extinction corrected r-band
Petrosian magnitudes below rlim ' 17.7. MGS spectra have
been collected from two digital detectors (blue and red)
mounted in the same telescope. They consist of 3800 spectral
bins which cover a joint wavelength range of 3800–9200 A˚
with a spectral resolution R ranging from 1850 to 2200. This
gives an average instrumental dispersion of 69 km s−1 per
pixel and a velocity resolution of ∼ 90 km s−1. The aperture
diameter of the fibres collecting the spectra is 3 arcsec. This
is a generally small radius within nearby galaxies, mean-
ing that aperture effects could take on certain relevance,
especially for the nearest objects. However, as it is empir-
ically demonstrated in Appendix A1, the main conclusions
derived from this work will not be affected by this poten-
tial shortcoming. The global incompleteness of the MGS is
small, about 6 per cent (Strauss et al. 2002), so no action
will be taken to compensate it. Similarly, we will ignore the
additional incompleteness that arises in SDSS spectroscopy
at very low redshifts (z < 0.05) for very bright galaxies due
to blending with saturated stars, as it is negligible, less than
0.5 per cent according to Strauss et al..
Galaxy morphologies are retrieved from the catalogue
by Domı´nguez Sa´nchez et al. (2018) that lists this informa-
tion for ∼ 671,000 galaxies from the SDSS-DR7, covering
most of the MGS. The classification of such a huge number
of objects is obtained thanks to Deep Learning algorithms
that use Convolutional Neural Networks trained with colour
images from both the Galaxy Zoo 2 (Willett et al. 2013)
and the visual classification catalogue of Nair & Abraham
(2010). Compared to traditional visual determinations of the
Hubble type, this automated classification is more reliable,
more objective, and provides a more accurate identification
of the structural elements needed to distinguish among the
different galaxy classes. Thanks to these characteristics the
morphological identifications extend to up to the limits of
the MGS and, therefore, are applied to a very large num-
ber of objects covering a wide dynamical range of physical
properties.
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Domı´nguez Sa´nchez et al.’s morphologies are based on
the training with the Nair & Abraham’s dataset. They
are provided in terms of a continuous numerical parameter
which we convert into the classical discrete T-type classifi-
cation (see e.g. de Vaucouleurs 1977 and references therein)
by simply taking the nearest integer to the reported val-
ues. According to these authors, the average scatter of Deep
Learning morphological classifications is only σ = 1.1 and
their performance, in terms of accuracy, completeness, and
contamination, comparable or even better than that of ex-
pert classifier intercomparisons. To efficiently distinguish be-
tween pure E and S0 galaxies, they also provide the prob-
ability of being S0 (PS0) for objects with T ≤ 0. We will
consider any galaxy with T ≤ 0 and PS0 > 0.7 to be an S0.
Such a conservative value for the probability has been cho-
sen to prioritise the purity of the S0 sample while preserv-
ing a sufficient number of objects for the analysis. Possible
contamination by the roundest E, which are difficult to dis-
tinguish from relatively face-on S0, or by undetected spiral
structure in highly inclined disks is in all likelihood minimal
thanks to the strict selection criterion adopted and, espe-
cially, due to the fact that computers are far better than
humans at detecting subtle variations in the brightness of
the images (see also the statements by Fischer et al. 2019
as regards the identification of S0 classified using the same
methodology). Visual inspection of the images of a random
subset of our data has reassured us that we are dealing with
genuine representatives of this population. We provide some
examples in Appendix B.
Although the spectroscopic MGS observations span a
relatively broad range of redshifts, we deal only with those
S0 galaxies lying within 0.01 ≤ z ≤ 0.1. The upper limit,
which encompasses the peak of the MGS, is set to select a
homogeneous sample of lenticular objects representative of
the local universe over which the effects of K-corrections,
curvature, and cosmic evolution are negligible. The lower
redshift limit excludes those (few) galaxies with most uncer-
tain measurements due to their closeness or large apparent
brightness. Although their number is also very small, we
have also excluded galaxies with apparent magnitudes from
elliptical Petrosian r-band fluxes brighter than 12.0 to elim-
inate objects with unrealistically high absolute luminosities
in the surveyed volume. The application of all these con-
straints allows us to obtain a magnitude-limited sample of
68,043 integrated spectra from S0 galaxies that will be here-
after referred to as the Main Local Sample of S0 (MLSS0).
The upper redshift adopted for the MLSS0 has also the
characteristic of maximising the number of MGS galaxies
that can be included in a volume-limited subset of it. By tak-
ing into account the redshift and magnitude limitations com-
mented above, we define a volume-limited sample of 32,188
S0, the VLSS0 hereafter, that includes galaxies with Pet-
rosian r-band absolute magnitude Mr . −20.5. Note that
the sizes of the two collections of galaxies that we have just
defined are approximately two orders of magnitude larger
than that of any set of integrated S0 spectra used in pre-
vious studies and have no parallel either in the scale of S0
samples recently extracted from IFS surveys, which, at the
time of the writing of the present work, are still insufficient
to draw conclusions with a high statistical power.
2.2 Spectrophotometric data
A great deal of the measurable properties required for this
and forthcoming studies are selected mainly from the v1 0 1
of the NASA-Sloan Atlas (NSA) catalogue (Blanton et al.
2011). The NSA dataset includes virtually all galaxies with
known redshifts out to about z < 0.15 within the coverage
of the SDSS-DR11 (an internal bookkeeping release). This
catalogue is built around the SDSS optical/NIR properties,
which are completed with observational data from the ultra-
violet Galaxy Evolution Explorer (GALEX) survey (Boselli
et al. 2011), the 21-cm Arecibo Legacy Fast ALFA (AL-
FALFA) survey (Giovanelli et al. 2005) – of which we also
have the 21-cm line widths and masses of neutral hydro-
gen (HI) of its final version (Haynes et al. 2018) –, as well
as with some measurements from the CfA Redshift Cata-
logue (ZCAT; Huchra et al. 1995), the 2dF Galaxy Red-
shift Survey (2dFGRS; Colless et al. 2001), the 6dF Galaxy
Survey (6dFGS; Jones et al. 2004), and the NASA/IPAC
Extragalactic Database (NED). However, not all the data
in the NSA catalogue have been used. Some information,
such as its estimation of the stellar mass, has been replaced
with measurements retrieved from the latest version of the
GALEX-SDSS-WISE Legacy Catalogue (GSWLC-2; Salim
et al. 2016, 2018), which has led us to recalculate the mass-
to-r-band-light ratio (unless otherwise stated, we use ellip-
tical Petrosian aperture photometric data). We have also
taken from this latter catalogue the estimates of the star
formation rate (SFR) which, like the stellar mass, is based
on joint UV+optical+mid-IR SED fitting, as well as the val-
ues of dust attenuation in different bands that we use to
study the effects of internal extinction in our galaxies. In ad-
dition, the Portsmouth stellar kinematics and emission-line
flux measurements of Thomas et al. (2013) have been chosen
as a source for stellar velocities, fluxes and equivalent width
measurements of the most important recombination lines
from SDSS spectra, whilst mass-weighted stellar population
ages and metallicities calculated using a Chabrier-MILES
fit of the stellar population parameters are retrieved from
the eBOSS Firefly Value-Added Catalogue (Comparat et al.
2017). All these data have been further augmented with the
information about group membership listed in the catalogue
by Tempel et al. (2017). Finally, for galaxies belonging to
the VLSS0, the information on the physical properties has
been completed with our own determination of the number
density of their environment (see next section).
Unless otherwise stated, all cosmology-dependent vari-
ables involved in the present investigation have been scaled
to a standard flat Friedmann-Robertson-Walker world model
with matter energy density Ωm = 0.3, dark energy density
ΩΛ = 0.7, and Hubble constant H0 = 100h km s−1 Mpc−1
with h = 0.7.
2.3 Local densities
The proxy for environment we use is our own estimate of
the local density of galaxies within narrow redshift slices.
Extinction-corrected galaxy densities have been calculated
exclusively for all the members of our volume-limited sample
that belong to the Northern Galactic cap of the MGS, since
in this region of the sky the sampling of galaxies is more
exhaustive than in the Southern Galactic cap.
MNRAS 000, 1–26 (2020)
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For a given galaxy, the density of its local environment is
computed using an optimised version of the k-nearest neigh-
bour Bayesian estimator (cf. Casertano & Hut 1985)
µ5 = C(∆m) ·
(
R2 ·
5∑
i=1
d2i
)−1
, (1)
where R ≈ cz/H0 is the radial distance to that galaxy and
di is the angular separation between it and its ith closest
neighbour selected among those galaxies with a recessional
velocity within 1000 km s−1 from the target. Note that the
use of the distances to all five neighbours notably improves
the precision of density estimates compared to the tradi-
tional k-nearest neighbour metric, which only considers the
distance to the farthest companion. Besides, we have also
included in Equation (1) a correction factor,
C(∆m) = A · 100.6∆m , (2)
to account for the effect of Galactic extinction on the ob-
served densities (Solanes et al. 1996), something we consider
necessary given the vast area of the sky probed by the sam-
ple. In Equation (2), ∆m is the extinction in the r-band at
the position of the target, which we retrieve from the SDSS
photometry, and A is a normalisation constant that is set to
one, as we are only interested in ranking the local densities.
Note also that by limiting the search of neighbours to galax-
ies lying within thin shells in recessional velocity around the
target galaxy, Equation (1) becomes, in practice, a three-
dimensional local density estimator.
We have avoided calculating densities for objects near
the edges of the dataset, as they may be underestimated. For
this, we have first computed the probability density func-
tion of the angular distances to the fifth neighbour of all
the Northern Galactic cap members of our volume-limited
subset. Then, we have taken three times the scale (that is,
the standard deviation) of this distribution to establish the
thickness of the band around the edges of the survey in which
the density calculation has not been performed – the galax-
ies lying in this peripheral region have nonetheless been used
in the calculation of the densities of objects lying further in-
side. Likewise, the edge effects in the density estimates of the
nearest and furthest galaxies have been taken care of by in-
creasing by 1000 km s−1 the radial coordinate of our dataset
at both ends, discarding afterwards the galaxies included in
the resulting extra volume.
3 PRINCIPAL COMPONENT ANALYSIS
Because we are dealing with spectra of galaxies at distances
that range over several hundreds of Mpc, their total fluxes
and wavelength coverage are not directly comparable. It is
therefore necessary to preprocess all the spectra to put them
on an equal basis. We firstly start by shifting each spectrum
to the laboratory rest-frame. Since the binning in wavelength
has a constant logarithmic dispersion, this correction is given
by log λr = log λo− log(1+ z), where λr is the rest-frame wave-
length and λo is the observed one. After applying this cor-
rection we re-bin the flux and its error, interpolating into
pixels with a constant logarithmic spacing of 0.0001, so the
resolution of the original spectra is preserved along the full
visible range2.
We have also taken care of spectral bins affected by sky
lines or bad data by blacking out those pixels whose errors
are set to infinity as well as those that have the mask bit
BRIGHTSKY activated3. Any spectrum containing more than
10 per cent of troublesome pixels according to this criterion
is fully discarded.
The spectra that pass our quality filter are then nor-
malised. We have followed Dobos et al. (2012) and rescaled
each individual spectrum to have the average value of the
flux in several intervals representative of the continuum
level, which is set equal to 1. We use the following expres-
sion:
f nij = fi j ·
(∑
k
fk j
Nj
)−1
, (3)
where fi j is the flux at spectral bin i of galaxy j and the
sum runs over the Nj bins conforming the following four
wavelength intervals devoid of strong lines: 4200–4300, 4600–
4800, 5400–5500 and 5600–5800 A˚. Note that Nj may differ
from one galaxy to another depending on the number of
pixels with bad data that fall on these continuum regions.
Spectra with more than 20 per cent of defective pixels within
such intervals are also discarded.
The removal of problematic pixels introduces null val-
ues in the array of normalised fluxes, thus preventing the
proper performance of the PCA. To solve this problem, we
employ the PCA-based algorithm described by Yip et al.
(2004) to fill such gaps. A brief summary of the algorithm’s
functioning would be that, on a first stage, it fills the gaps
by linear interpolation and then uses a linear combination
of the eigenspectra (ES from now on), derived from the full
dataset, to substitute the missing data and re-fill the gaps
with more realistic flux values (Connolly & Szalay 1999).
This second step is iterated until the reconstructed fluxes
from the empty pixels converge. With this stage completed,
the spectra are corrected for Galactic dust reddening cal-
culated by means of the extinction python module https:
//extinction.readthedocs.io/en/latest/ that relies on
the standard Fitzpatrick (1999) dust extinction model. The
AV coefficient per object is obtained from the Galactic ex-
tinction in the g band included in the NSA catalogue as-
suming a fixed RV of 3.1.
Following preprocessing, we proceed to define the subset
of the MGSS0, formed by the 6477 S0 galaxies whose spectra
have S/N ≥ 30, as the training sample for the computation
of the PCA. This restriction of the original sample to the
galaxies with highest S/N is adopted to guarantee that the
different dimensions inferred from the PCA decomposition
are entirely physically motivated and not affected by noisy
data. On the other hand, the threshold applied in the S/N
maximises the amount of variance explained by the differ-
ent components, i.e. optimises the dimensionality reduction,
allowing us to work with the smallest possible set of ES,
while still dealing with a training subset sufficiently large to
2 http://www.sdss.org/dr12/spectro/spectro_basics/
3 According to the SDSS spectral mask criteria, http://www.
sdss.org/dr12/algorithms/bitmasks/#SPPIXMASK.
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Figure 1. Accumulated fractional variance from the first ten
eigenspectra of the training sample.
ensure that these eigenvectors, also called Principal Compo-
nents, are representative of the whole dataset. As shown in
Fig. 1, the first three ES already account for more than 90
per cent of the variance of the training sample, whilst only
four ES are required to achieve the 95 per cent of it (had
we derived the ES using the whole volume-limited sample,
the number of dimensions required to account for these frac-
tions of the variance would have been substantially larger).
Besides, we have verified that the ES from this training sam-
ple are capable of reconstructing the specific spectrum of
any S0 that belongs to the parent MGSS0 dataset. This can
be seen in the different panels of Fig. B1 in Appendix B,
where we show, using arbitrary examples of S0 spectra, that
the linear combination of the mean spectrum (top panel of
Fig. 2) with the first ten ES – the latter weighted by the
coefficients that result from projecting the individual spec-
tra on the corresponding ES – gives rise to reconstructed
spectra nearly indistinguishable from the input ones. These
projections of the spectral data vectors on the new orthogo-
nal basis defined by the Principal Components, are hereafter
labelled PC1, PC2, etc.
4 S0 EIGENSPECTRA
The results of the previous section tell us that it should
be possible to obtain a good insight on the main physical
characteristics of the S0 population in the local universe by
plotting their spectral data projected on a low-dimensional
space whose orthogonal axes are formed by the first three
ES.
Fig. 2 depicts the mean of the ∼ 6500 training spectra
along with the first three ES. The typical S0 spectrum, de-
picted in the top panel, is basically characterised by a red
continuum that in the violet part shows a relatively strong
4000 A˚ break (D4000) and conspicuous H and K absorp-
tion lines corresponding to the fine structure splitting of the
singly ionised calcium (Ca ii) at λ = 3935 A˚ (K) and 3970 A˚
(H)4. The average spectrum also shows a moderately strong
Hα emission line at 6565 A˚ and other, weaker, nebular lines
that are labelled in the figure. The second panel from the
top shows the first ES, which accounts for 71 per cent of
the variation in the training sample. This mode combines a
blue continuum with particularly strong emission lines that
include the Balmer series from Hα to H  , as well as forbid-
den emission lines from both low-ionisation species such as
[S ii], [N ii], and [O i], and one, [O iii], that is highly ionised
(bear in mind, however, that the lines in the ES may act in
practice either as emission lines or as absorption lines, de-
pending on the sign of the weight factor applied to them).
The second ES (third panel from the top), which accounts
for 17 per cent of the variation in the training sample, has
a similar appearance to the former spectra in terms of the
emission lines. However, it differs basically in two aspects,
the most important being that in this ES the continuum
is red, whilst the other difference concerns the presence of
the Ca ii doublet in emission. It is also evident that the two
components of this doublet behave somewhat differently, al-
most certainly due to the close proximity between the H
line of Calcium and the Balmer H  line, whose strengths
are also often anti-correlated. This second component may
play a role in the regulation of the strength of the emission
and absorption lines present in the average spectrum. The
third ES, shown in the bottom panel, accounts for only 6 per
cent of the total variation, meaning that its features provide
only a relatively fine tuning to the spectra reconstructed
from the two lower order ES. In this mode the continuum
plays virtually no role – it is basically null except at wave-
lengths . 4500 A˚, where it slightly drops towards negative
flux values –, the most important characteristics being two
strong [O iii] emission lines, at 4960 and 5008 A˚, and the
Hα+[N ii]+[S ii] complex, which is now observed in absorp-
tion. Other lines such as [O i], higher-order Balmer lines, and
the H line of Ca ii are also present, although they are all very
weak. As in the case of Hα and the adjacent [N ii] and [S ii]
lines, the [O iii]λ5008 emission line is not just a star-forming
indicator but also a good tracer of AGN activity (see e.g.
Trouille & Barger 2010; Suzuki et al. 2016, and references
therein). This is because although this forbidden emission
line originates from high ionisation states caused by both
hot, young massive stars and AGN, it has been observed
to be relatively weak in metal-rich, star-forming galaxies.
Indeed, thanks to these characteristics the third principal
component is, despite its relative low weight, a useful diag-
nostic tool for activity in S0 galaxies (Tous et al. 2020, in
preparation).
In Fig. 3, we portray the pairwise scatter plots that re-
sult from plotting the first three PC of the S0 galaxies in the
MLSS0 against each other. As shown in the top panel, the
PCA results delineate three distinct areas in the PC1–PC2
subspace, which point to the existence of two different sub-
populations (from a spectral point of view) of S0 galaxies.
A large number of points appear concentrated in a crowded
narrow band that crosses the diagram diagonally defining
a zone in this plane in which the values of the first two
transformed predictors show a strong linear correlation in-
4 Rest-frame wavelength values are expressed in vacuum through-
out the paper.
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Figure 2. From top to bottom, mean spectrum and first three ES of the 6477 S0 galaxies included in the training sample. The zero level
of the ES is highlighted with a horizontal red dashed line. Some of the most important lines of the mean spectrum, also visible in the
other panels, are labelled. Lines such as [O i], H δ and H  , which is blended with the Ca ii H line, appear in emission in the first two
ES, but not in the mean spectrum, whilst the other member of the Ca ii doublet, the K line, is seen, also in emission, only in the second
ES. Note, however, that the true emission/absorption nature of these lines is determined in practice by the sign of the weight factor
multiplying each ES. The variance of the training sample explained by the 1st, 2nd and 3rd ES is 71, 17 and 6 per cent, respectively, in
all a total of 93 per cent.
deed. This tilted band has a sharply-defined edge on its left
side setting the boundary of a forbidden region in this sub-
space (see Section 5), whilst it extends on the right into a
substantially less populated and much more scattered cloud
of points where the projected values conform to the expec-
tation of being linearly uncorrelated. The compartmental-
isation of space observed in the PC1–PC2 diagram is not
preserved in the other two 2D subspaces represented in the
mid and bottom panels of Fig. 3 that involve the projec-
tions on to the third principal component. The distributions
of data points in the PC1–PC3 and PC2–PC3 diagrams are
certainly reminiscent of that in the top panel, but show a
lower degree of organisation. It can be seen that the galaxies
whose spectra delineate the diagonal strip observed in the
PC1–PC2 subspace are still strongly clustered, now form-
ing in both planes an approximately horizontal strip around
the PC3 = 0 coordinate. The rest of the data distribute un-
evenly both above and below this band, with the largest
fraction showing negative values of PC3 and, at the same
time, values of the PC1 and PC2 predictors that are posi-
tive in a good measure, an inherent feature of galaxies with
a high Hα/[O iii] flux ratio. Whichever the case, in the last
two subspaces the boundary of the forbidden region is much
less clearly defined. Also note the fact that the peaks of the
point clouds of the three 2D projections fall near the origin
of the coordinate system, which indicates that the spectra
of a good number of S0 galaxies must be quite similar to the
mean spectrum reported in Fig. 2.
5 THE PC1–PC2 SUBSPACE
In the remainder of the article, we will focus mainly on the
definition and analysis of the major spectral classes into
which the S0 population can be subdivided within the PC1–
PC2 subspace, while the projections of the S0 spectra on the
third principal component that, as mentioned in the previous
section, bear information on the star formation rates and nu-
clear activity of these galaxies, will be investigated in future
work. For simplicity, in this and the following sections the
discussions involving the principal components will be dealt
with using their observed values, since the correction of the
aperture and inclination biases outlined in Appendix A only
lead to small differences in the results that do not alter the
conclusions of this work in a significant way.
5.1 Relationship with spectrophotometric
observables
We have just seen that a great deal of the information about
the variance of the S0 spectra is contained on the first two
eigenvectors, which are dominated by strong emission lines
but show continua with slopes of opposite sign (see Fig. 2).
These two ES when combined with the mean spectrum must
reproduce the general spectral features characteristic of com-
pletely passive galaxies with no detectable emission lines
(this requires both ES to have negative weight factors; see
e.g. panel c in Fig. B1), as well as of galaxies showing star
formation/starburst/AGN signatures, either on top of a red
or blue continuum (the latter requires PC1 > 0, or PC2 < 0,
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Figure 3. Projections of the S0 spectra in the MLSS0 on the
three planes defined by the first three Principal Components.
Data points have been grouped in hexagonal bins where the in-
tensity of the colour scales with the logarithm of their number
density. From top to bottom the panels portray the PC1–PC2,
PC1–PC3, and PC2–PC3 subspaces.
or both; see e.g. panels (h), (i) and (k) of Fig. B1). Thus,
although there is no guarantee a priori that the new dimen-
sions provided by a PCA – they are mutually orthogonal
linear combinations of the input variables – have any phys-
ical meaning, it is sensible to expect in this particular case
that the main spectral predictors we have inferred are closely
connected to parameters that inform about the star forma-
tion history of the galaxies.
Thorough review of the different spectrophotometric
properties included in our final database has shown that the
direction of the maximum variance in the strength of the
Hα emission line, given by its equivalent width, EW(Hα),
is essentially contained in the PC1–PC2 subspace. Besides,
it is nearly perfectly orthogonal to the direction delineated
by the tilted band identified in the top panel of Fig. 3, as
illustrated in the top panel of Fig. 4. Actually, the EW(Hα)
is the parameter of our catalogue that shows the strongest
positive linear correlation with the first PC, whilst it also
shows a weak positive correlation with PC2: according to
the annotated heatmap depicted in Fig. 5 the corresponding
Pearson correlation coefficients are r[EW(Hα),PC1] = 0.85
and r[EW(Hα),PC2] = 0.32, respectively. Besides, Fig. 4
allows one to see that the sharp lower-left boundary of the
data cloud is the locus of S0 galaxies with no emission in the
Hα line. This sensibility of the PC1–PC2 subspace to a spe-
cific spectral line may come as a surprise as PCA is known
not to do a good job detecting differences in narrow spectral
features. However, the fact that the Hα line is the strongest
emission line in the mean spectrum and that it is flanked
by two [N ii] lines that are also rather strong (see Fig. 2)
make the Hα–[N ii] complex a remarkable classification fea-
ture within any optical galaxy spectrum. Nor must we forget
that the Hα emission can be closely related to quantities
that are sensitive to the past and present star formation of
the galaxies, such as the D4000 break, integrated colours,
and SFR, both global and per unit mass, that involve more
significant portions of the flux contained within the optical
window. Indeed, we find that these latter parameters are
also contained in the PC1–PC2 plane in good measure (see
e.g. the mid panel of Fig. 4) and, similarly to the EW(Hα),
they show a moderate to strong correlation with PC1 and
a substantially feeble relationship with PC2. Actually, the
correlations between all the physical properties investigated
and the second predictor – which, in general, are positive
– are found to be weak at best (all Pearson’s coefficients
are < 0.5). As shown in Fig. 5, the stellar mass-to-light ra-
tio Mstar/Lr whose variance, like that of the colour – with
which is known to be closely related – is also largely encap-
sulated into the PC1 axis (see the bottom panel of Fig. 4),
is the parameter that shows the most evident connection
with PC2 (r[Mstar/Lr,PC2] = 0.46). For completeness, we
have also included in Fig. 5 measures of the strength of the
linear association between the physical variables and PC3.
They behave much like those involving PC1, but are some-
what weaker (the strengths are similar to those involving
PC2) and have opposite signs. All these results confirm that
the most relevant predictors derived from our characterisa-
tion of the S0 spectra encode information about the secular
evolution of the stellar population of these galaxies.
5.2 Main spectral classes
As we have already pointed out, the cloud of S0 points in
the PC1–PC2 plane shows obvious signs of being distributed
into two regions (Fig. 3), whose natural divider appears to
be a straight line orthogonal to the direction that maximises
the variation of the EW(Hα) (see the top panel of Fig. 4).
However, although the existence of a thin, lens-shaped zone
consisting essentially of the S0 galaxies without significant
Hα emission is undeniable, it is not at all obvious to find
the best place where to put the divider between said nar-
row band and the much more extended and scattered region
dominated by the S0 with emission lines. Thus, rather than
MNRAS 000, 1–26 (2020)
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Figure 4. Same representation as in the upper panel of Fig 3 but
using colour as a third dimension to indicate the mean equivalent
width of the Hα line at each hexagonal bin (top panel), the mean
D4000 break (mid panel), and the mean stellar mass-to-light ratio
Mstar/Lr (bottom panel).
attempting to split the data by eye, and in line with the
general approach adopted in this work, we have considered
more adequate using a supervised machine learning classifier
to split the distribution of S0 data points in this subspace
into two different classes.
After exploring several binary classification algorithms,
we have found that, for the sort of distribution we are deal-
ing with, a Logistic Regression offers the best performance
as it yields the highest accuracy, which is evaluated as the
ratio of correctly classified objects over the total members
of the training sample. The classification has been directly
implemented in the PC1–PC2 plane and not in a subspace of
higher dimension. Apart from a matter of simplicity, we have
proceeded in this way mainly because we have verified that
the outcome of the process is insensitive to the amount of PC
involved. We have employed as training dataset a sample of
400 S0 spectra selected from bona-fide members of the two
main groups we want the algorithm to come up with, tag-
ging the galaxies falling into the narrow, lens-shaped region
with ones and with zeros those outside it. Basically, what the
algorithm does is first to fit a logistic model to the training
set according to the labels assigned to each point and the
positions they occupy in the PC1–PC2 subspace. Then, the
model is used to assign to each galaxy in the whole dataset
a probability of belonging to the most compact mode, PPS.
The outcome of this procedure is the extreme bimodal dis-
tribution shown in the histogram depicted in the left panel
of Fig. 6, where the data are essentially grouped in two large
spikes around either end of the probability distribution, leav-
ing only a few values between them. To unambiguously sep-
arate the galaxies that belong to each spike, we have ap-
plied a non-parametric binary classification scheme inspired
on Otsu’s method (Otsu 1979) – a one-dimensional discrete
analogue of Fisher’s Discriminant Analysis – that in its sim-
plest form splits the data into two classes by maximising the
inter-class variance. Specifically, we have adopted the 95 per
cent of the maximum inter-class variance as the upper limit
of this parameter that defines the ranges of values of PPS
that should be associated with each main spectral mode of
the S0 galaxies, represented by the red and blue histograms.
This mapping in the PC1–PC2 plane which, as we have
discussed above, is intimately connected to spectral param-
eters that inform on the activity of galaxies, bears some ob-
vious similarities with the bimodal distribution into red and
blue sequences shown by the general galaxy population in
the colour-magnitude diagrams of optical broad-band pho-
tometric studies (see e.g. Blanton & Moustakas 2009, and
references therein). This has prompted us to designate the
thin, compact band delineated in the PC1–PC2 subspace
by the S0 which essentially lack Hα emission (shown in red
colour too in the right panel of Fig. 6) as the Passive Se-
quence (hence the PS subscript), whilst the name Active
Cloud (AC) is used to denote the much more disperse area
encompassed by the objects with star formation signatures
(identified with blue colour in Fig. 6). Likewise, the narrow
strip of the PC1–PC2 subspace, which houses the few S0
that fall in the deep valley separating the two main modes
of PPS because of their in-between spectral characteristics
(represented in gray in Fig. 6), has been named the Transi-
tion Region (TR).
The suitability of the naming adopted to identify the
different spectral classes detected in the PC1–PC2 subspace
becomes evident when examining the mean spectrum of each
group. In Fig. 7 we show, from top to bottom, the mean
optical spectral flux distributions of the galaxies classified
as PS (red spectrum), TR (grey) and AC (blue). The lack
of emission lines, the deep D4000 A˚ break and the rather
red continuum seen in the mean spectrum of the PS are
well-known characteristics of absorption-dominated galax-
ies, whereas the relatively strong emission lines, the shal-
lower D4000 A˚ break and the somewhat bluer continuum
are traits that warrant our classification of the AC galaxies
as objects with a significant level of activity, which seems
to be mainly related to star formation (see next section).
Note that the average spectrum of the latter class does not
fit well within the classic picture of S0 galaxies, which are
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Figure 6. Left : Histogram showing the probability distribution that an S0 belongs to the Passive Sequence, PPS, which results from the
application of the Logistic Regression to the whole MLSS0 in the PC1–PC2 subspace. The black curve indicates the fractional inter-class
variance (IcV). We choose a value of 0.95 of this parameter to split the original dataset into PS objects (S0 with PPS ≥ 0.81), shown
in red, and Active Cloud (AC) members (S0 with PPS < 0.16), which are shown in blue. S0 galaxies with values of PPS outside these
two extreme ranges, identified in the plot by two vertical dashed lines, are assigned to the Transition Region (TR) and are expected to
show spectral characteristics intermediate between those of the PS and AC objects. Right : similar to the top panel Fig. 3 but, instead of
binning the data points into hexagons, here we represent a random 20% of the original sample (to avoid overcrowding) with the different
features of the PC1–PC2 diagram highlighted in colour: PS (red), AC (blue), and TR (grey).
better represented by a spectrum similar to that of a typical
PS object.
In a similar vein, we confirm the expectation that the
characteristics of the mean spectrum of TR objects are inter-
mediate with respect to those of the two main classes, with a
relatively significant Hα emission line, but with other emis-
sion lines from metals absent or rather weak. Fig. 7 also
shows that the TR and AC spectral classes have 1σ uncer-
tainties about the average (represented by the shaded areas
surrounding the mean fluxes) bigger than that of the PS
class, which reveal the greater variability shown by their
spectra.
5.3 Physical properties of the spectral classes
The total numbers and corresponding fractions of objects of
the VLSS0 that make up the two main S0 sub-populations,
PS and AC, identified by our classification scheme are listed
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Figure 7. Mean spectra of the spectral classes of S0 determined from the first two principal components inferred in the PCA of our
VLSS0 dataset. From top to bottom: the Passive Sequence (PS) in red colour, the Transition Region (TR) in grey, and the Active Cloud
(AC) in blue. The shaded areas around the solid curves represent the 1σ variations about the average.
in the second and third rows of Table 1. The values in paren-
theses provide the same information for the whole MLSS0
dataset. It follows that about two thirds of the brightest S0
in the local universe are members of the Passive Sequence
and show spectral characteristics which would agree with the
classic image that is expected for these early-type galaxies.
Nevertheless, we also have found that a quarter of the local
S0 population belongs to the AC class5 and hence presents
a richer spectra with relatively strong emission lines that
demonstrates that not all S0 are necessarily quiescent ob-
jects.
Table 1 also summarises for each main spectral class
the median values of the probability distribution functions
(PDF) and their associated uncertainties, given in terms of
interquartile ranges, of the eight properties most tightly cor-
related with the first principal components. The properties
listed are (see also Section 5.1): the equivalent width of the
Hα line, (row 5 in Table 1), specific SFR (row 6), global SFR
(row 7), stellar metallicity, represented by Z (row 8), total
stellar mass (row 9), stellar mass-to-r-band-light ratio (row
10), (g − r) colour index (row 11), and D4000 A˚ break (row
12). A more detailed inter-class comparison of these param-
eters is provided in Appendix C, where we display their full
PDF in the form of violin plots.
It becomes clear from both the summary statistics
reported in Table 1, and the symmetric density plots of
Fig. C1 that the two sub-populations of lenticulars show
many important differences on their typical physical param-
5 Given that the galaxies with emission lines appear to have big-
ger difficulties than quiescent objects in passing the filtering ap-
plied to select high-quality spectra (see Section 3), we cannot
exclude the possibility that we are underestimating the true AC
fraction somewhat.
eters. This is confirmed by the application of a two-sample
Kolmogorov-Smirnov (KS) test to the eight pairs of PDF,
which has produced p-values  0.05 in all cases, indicating
that there is a very small likelihood that the two types of S0
come from the same parent population.
A further distinctive feature between the PDF of both
spectral classes is that for PS objects the distributions of
some of the properties investigated, especially the two SFR,
Z, and to a lesser extent EW(Hα), tend to be right-skewed
and heavy-tailed (i.e. to have longer and heavier right tails),
while the AC’s distributions are more symmetric. Our ex-
amination of the robustness of the results rules out the pos-
sibility that this asymmetry obeys to a misclassification of
highly-inclined AC members as PS galaxies. Therefore, this
could point to the existence of a sub-class within the PS
lenticulars that would have escaped detection.
To facilitate a more direct comparison between our re-
sults and those of previous studies of S0 galaxies that rank
them according to some measurable global property, we plot
in Fig. 8 the histograms of the two S0 classes detected in
our VLSS0 as a function of stellar mass (top-left), (g − r)
colour (top-right), global Se´rsic index (bottom-left), and
SFR (bottom-right), respectively. Likewise, in Fig. 9 we pro-
vide for these same galaxies number density contours show-
ing the bivariate distribution of their stellar ages and metal-
licities and plotting also some data points colour-coded by
stellar mass. The histograms, in particular, allow one to bet-
ter appreciate the different discriminant capabilities of vari-
ous spectrophotometric measurements when assessing mem-
bership in one of the S0 sub-populations that we have iden-
tified. The most unambiguous division of the spectral classes
would be provided by the SFR (or its per-unit-mass coun-
terpart, sSFR), which is capable of separating the two main
modes within much of the dynamic range of this property,
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Table 1. Amount of galaxies of the VLSS0 within each main spectral class, as well as medians and lower and upper quartiles of several
of their most important physical properties.
S0 sub-population Passive Sequence Active Cloud
N (in MLSS0) 22067 (43579) 7933 (20024)
% (in MLSS0) 69 (64) 25 (29)
Summary statistics Q1 Median Q4 Q1 Median Q4
log(EW(Hα)/A˚) -0.516 -0.157 0.108 0.944 1.164 1.401
log(sSFR/yr−1) -12.317 -11.934 -11.409 -10.600 -10.327 -10.033
log(SFR/M yr−1) -1.557 -1.167 -0.584 0.133 0.376 0.603
Z/Z 1.259 1.498 1.717 0.820 1.012 1.199
log(Mstar/M) 10.645 10.762 10.910 10.530 10.665 10.818
Mstar/Lr (M/L) 2.238 2.506 2.805 1.653 2.027 2.464
(g − r) 0.713 0.740 0.766 0.587 0.641 0.687
D4000 1.804 1.877 1.940 1.322 1.425 1.521
proving almost as effective as our PCA-based technique.
This is to be expected given the relatively direct bearing that
our automated classification method has with those physi-
cal parameters more intimately related to star formation
(indeed a very similar result would have also been obtained
by using the EW(Hα) or the D4000 break). For its part, the
(g − r) colour would perform well as divider on the extremes
of its dynamic range, but could not resolve membership on
its central part where the two S0 spectral modes show a sub-
stantial overlap. By contrast, the two sub-populations of S0
identified in our sample produce similar distributions of the
global Se´rsic index and, especially, of the total stellar mass
– despite the long-recognised close relationship of the lat-
ter with the star formation history of galaxies (e.g. Gavazzi
& Scodeggio 1996) –, which would make these two proper-
ties unsuitable as discriminants of the two spectral modes.
Recall, however, that in all the four cases the differences
between the PS and AC distributions are highly significant
according to the two-sample KS test.
As regards the characteristic values of the properties
assigned to each spectral class, our results are largely con-
sistent with the outcomes by Xiao et al. (2016) and Fraser-
McKelvie et al. (2018), who using samples significantly
smaller than ours find that star-forming S0 galaxies are less
massive, bluer6, and possess shallower, i.e. less concentrated,
central light profiles, with a possible prevalence of pseudo-
bulge-like components since a large proportion of them are
best fitted by Se´rsic profiles of index n < 2 (see also the re-
sults of an early study of E+S0 galaxies by Helmboldt et al.
2008). On top of that, our analysis reveals the existence of a
good number of S0, both active and passive, with measurable
star formation rates. Among the latter, the observed values
are certainly low and, when divided by the luminous mass
of the parent galaxy, perfectly consistent with the sSFR val-
ues typical of the so-called ’non-star-forming red sequence of
galaxies’ (see e.g. Kennicutt & Evans 2012, and references
therein). Thus, despite they all have ongoing star formation,
its reduced intensity has not prevented these galaxies from
being assigned the passive status. On the other hand, the
6 Fraser-McKelvie et al. (2018) use Wide-Field Survey Explorer
(WISE) mid-infrared colours as indicators of recent star formation
activity.
majority of the S0 belonging to the AC show SFR that are
comparable or higher than the current rate of the Milky Way
and that translate into values of the sSFR that are just as
strong as those found in actively star-forming late spirals of
the same mass. These high levels of star formation move this
class of lenticulars largely away from the traditional view of
quiescent galaxies.
The only discrepancy with respect to the former stud-
ies is the relevance attributed to the stellar mass, which is
seen as the main driver of the division of lenticulars into
two sub-populations associated with the degree of star for-
mation (see e.g. also Barway et al. 2013 who use as a di-
vider the K-band luminosity) – and by extension of the for-
mation pathway taken7, whilst, as noted above, it plays a
lesser role in our investigation. Fig. 9, which is similar to
fig. 5 of Fraser-McKelvie et al. (2018), supports further this
conclusion, showing that, in contrast with those findings, in
our dataset the stellar mass provides a division between the
older, metal-rich PS objects and the younger, metal-poor
AC counterparts, which is less clear. Differences in the mass
ranges encompassed by the datasets analysed – unlike the
other studies, ours deals with a volume-limited sample that
for this reason contains lenticulars of relatively high mass –
could explain the inconsistency.
By way of a summary, one can conclude that the S0
belonging to the AC sub-population differ from their PS
counterparts in that the former:
(i) are only slightly less massive on average, although
somewhat more luminous, so they have lower Mstar/L ra-
tios;
(ii) have a younger, bluer stellar population, that is os-
tensibly poorer in metals;
(iii) have lower global Se´rsic indices that follow a more
asymmetric, positively skewed distribution of modal value
n . 2;
(iv) are almost entirely actively star-forming systems
with average star formation rates, of about 2 M yr−1, that
are more than one order of magnitude higher.
7 To us it makes more sense to think of S0 mass as the conse-
quence of the formation pathway followed and not as the cause.
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Figure 8. From left to right and top to bottom: histograms of the stellar mass, (g − r) colour, global Se´rsic index, and star formation
rate of lenticulars split by their spectral class. Red is used for Passive Sequence (PS) objects and blue for members of the Active Cloud
(AC). According to a two-sample KS test, the two spectral classes show statistically significant differences on all these properties (the
p-values are all  0.05). The very high peaks of the Se´rsic index at the right end of the distributions are unphysical, as they arise from
an artificial limitation in the calculation of this parameter to values lower than 6.
5.4 Relationship with the environment
One key factor when it comes to understanding galaxy prop-
erties is the environment in which these objects reside. We
have chosen to characterise it by means of the Galactic-
extinction-corrected 3D galaxy number density estimator,
µ5, defined in Section 2.3. In Fig. 10, we show the evolution
in the number fraction of AC lenticulars with local density
for all our VLSS0 galaxies, with the colour and size of the
data points informing, respectively, about the correspond-
ing change in the average equivalent width of the Hα line
and in the average SFR of the whole population. This plot
reveals that while PS lenticulars are present in all kind of en-
vironments, the abundance of AC objects decreases linearly
with increasing log(µ5), going from fractions above forty per
cent at the lowest densities probed by our sample to being
virtually absent in the densest regions of the local volume.
(As in the case of their intrinsic physical properties, we find
that the differences in the PDF of the local density for the
two main spectral classes of lenticulars are statistically very
significant, with a two-sample KS test returning p  0.05.)
Accordingly, the average values of the EW(Hα) and SFR for
the S0 population are also steadily reduced with local pro-
jected density (they follow a roughly linear decrement with
log(µ5) as well), suggesting that the denser the environment
the more severe is the quenching of the star-formation ac-
tivity in S0 galaxies.
Once again, our results show a good level of consen-
sus with the outcomes of the studies mentioned in the pre-
vious section, as well as consistency with expectations for
the general galaxy population (Rines et al. 2005). This is
the case of Xiao et al. (2016), who claim that active S0 are
mainly located in the sparse environment, whilst quiescent
lenticulars or with low-level star formation and/or AGN ac-
tivity reside preferentially in the dense environment. Helm-
boldt et al. (2008) also arrive at a similar conclusion with
their samples of star-forming early-type and K+A galax-
ies, finding that both types of objects reach higher frac-
tions among all galaxies in lower density environments. Only
Fraser-McKelvie et al. (2018) seem to have an apparently
discordant view when, from an analysis based on two envi-
ronmental indicators – one that measures the strength of the
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Figure 9. Contour plots showing the bivariate distribution of
stellar ages and metallicities for galaxies in the VLSS0 partitioned
into PS (red) and AC (blue) members, the darker the colour the
higher the density. Three per cent of the data points in this sam-
ple, to avoid overcrowding, have also been included, colour-coded
by their stellar mass. The graph shows that our spectral classifi-
cation of the S0 is reasonably correlated with both the age and
the metallicity of the stellar population of these galaxies. How-
ever, there is no evidence of a substantial correlation with stellar
mass.
local tidal perturbations from neighbours and another that
evaluates the large-scale structure in terms of the projected
density to the 5th nearest neighbour –, find no significant
evidences of a connection between the stellar masses, ages,
and metallicities of MaNGA’s lenticulars and their environ-
ment. These same authors, however, warn that their con-
clusion is based on an incomplete version of the MaNGA
dataset in which the statistically rare cluster members are
missing. Indeed, by contrast with the stellar mass, it can
be observed that while our density measurements span over
about four orders of magnitude and encompass the most ex-
treme environments, the spatial spectroscopy data used in
the former study, apart from being much fewer, sample a
significantly narrower range of densities. Thus, it appears
that the widely documented systematic differences observed
in the (star-formation) activity between late-type spirals in
rich environments and those in the field (see e.g. Boselli et al.
2016, and references therein) are not exclusive to this end
of the Hubble sequence, but they can actually be extended
to all disc galaxies. This suggests that the physical proper-
ties of S0 galaxies are not detached from the environment in
which they find themselves.
6 SUMMARY AND DISCUSSION
In this work we have applied several Machine Learning tech-
niques to analyse a sample of 68,043 optical spectra of S0
galaxies in the local universe (0.01 < z . 0.1), by much the
largest dataset of any kind ever assembled for this galaxy
population. Our aim has been to investigate the physical
properties of this type of objects in a more objective and
informative way using their whole optical spectra, instead
of the classical diagnostics based exclusively on photomet-
ric measurements or on a few specific spectral lines. Our
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Figure 10. Number fraction of AC lenticulars as a function
of the logarithm of the local density for all the galaxies in our
VLSS0. The colour of the data points indicates the average value
of log(EW(Hα)) for the whole sample, whilst their size is propor-
tional to the mean log(SFR). This plot illustrates the dramatic
impact the environment has on the activity of S0 galaxies.
analysis relies on both the spectra measured in the SDSS
Legacy Survey and the morphological information listed in
the recently published catalogue of automatically classified
galaxies by Domı´nguez Sa´nchez et al. (2018). These data
have been complemented with a variety of spectrophoto-
metric parameters gathered from further external sources,
including several parameters taken from the NSA and other
well-known and much used SDSS-based catalogues. The fi-
nal database has been completed with our own estimation
of the local density corrected for the effects of Galactic in-
terstellar extinction in a volume-limited subset of 32,188 S0
galaxies with Mr . −20.5 mag.
We have used a Principal Component Analysis to ex-
tract the most relevant features of the S0 optical spectra.
This objective and a priori-free technique has enabled us to
reduce the highly multidimensional spectral data – the num-
ber of pixels per spectrum is about 3800 for the SDSS-I/II
spectra – to a low-dimensional space that is optimal for this
purpose. This is because it relies on the most important pro-
jections along a few new orthogonal axes, the eigenspectra
(ES; also known as the Principal Components), that max-
imise the variance and, hence, minimise information loss.
The fact that we can explain with only 3 ES nearly 95
per cent of the variance shown by a training sample of S0
spectra is an indication that all the physics of the local popu-
lation of S0 galaxies should be essentially contained in a few
dimensions, probably not more than two if we stick to their
passive representatives, due to the strong correlation shown
by the first two principal components of this ensemble (see
below). The first two ES, which already explain about 90
per cent of the variance, are characterised by the presence
of strong emission lines, notably the Hα+[N ii]+[NS ii] com-
plex, a few lines from highly ionised species such as [O iii],
and higher-order Balmer lines up to H  . The most important
differences lie in the continuum, blue for the first ES and red
for the second, and in the presence of the Ca ii H+K doublet
in emission in the latter. Many of these lines are also visi-
ble in the third ES, some of them now in absorption, which
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Figure 11. Number density distributions of galaxies of the main Hubble types in the PC1–PC2 plane defined by the S0. The back-
ground grey-scale contours represent equally spaced logarithmic densities for the lenticular population. Overlaid on top are the density
distributions of E, Sa, Sb, and Sc galaxies calculated in this same subspace from arbitrary samples of ∼ 10, 000 spectra of each type (the
morphologies are from the catalogue by Domı´nguez Sa´nchez et al. 2018). The colour intensity of the hexagonal cells is also graduated
on a logarithmic scale, with the darker ones identifying the most populated bins. Note how the density distributions of bright galaxies
change from being fundamentally in the PS to occupy mostly the bluest portion of the AC (see Fig. 4) as the Hubble type goes from E
to Sc. Note also that just as there are hardly any E distributed across the AC region, Sc galaxies are virtually absent from the PS.
shows an essentially flat continuum. Preliminary analyses
have revealed that this component, which only embodies six
per cent of the spectral variance, is, however, a key diag-
nostic element for the identification of nuclear activity in S0
galaxies, an issue that we have left for future research.
The projections of the S0 spectra on the bivariate plane
defined by the first two ES, denoted PC1 and PC2, have
unveiled the existence of two main regions: a crowded nar-
row band with a sharply defined left edge that crosses the
diagram diagonally, defining a zone in this plane in which
the values of the first two predictors show a strong linear
correlation, and a substantially less populated and much
more scattered cloud of points that runs from the right of
this band, where the PC scores are linearly uncorrelated.
We have used a combination of a Logistic Regression and
Otsu’s method to perform an optimal separation of all galax-
ies in our dataset into two main classes according to their
location in the PC1–PC2 subspace. The resulting spectral
subsets have been respectively called the ’Passive Sequence’
and the ’Active Cloud’, as they include sub-populations of
S0 with spectra representative of passive and active galaxies.
In between these two distributions we have defined a narrow
dividing zone that we have named the ’Transition Region’,
which contains objects with intermediate spectral character-
istics. This classification of the S0 is markedly reminiscent
of the ’Red Sequence/Green Valley/Blue Cloud’ features of
the well-known colour-magnitude diagram used to classify
the entire galaxy population, thus the names adopted. In-
vestigation of the potential biases that the fixed aperture
of fibres and the inclination of galaxies (basically related to
their internal extinction) could entail, has shown that the
changes induced by these factors on the S0 spectra, and
hence also on their PC scores, have, however, a negligible
impact on their classification.
The differences in the spectra of each sub-population
of S0 galaxies are also reflected in their different physical
properties. Most of the intrinsic parameters analysed show
a clear bimodality that correlates with the spectral division,
giving weight to the notion that the two types of lenticulars
that we have identified may have followed different evolu-
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tionary paths. This is especially evident for those attributes
directly related to star formation, such as the SFR, sSFR,
EW(Hα), and D4000. However, it is remarkable that we do
not see a stark separation in stellar mass, a property that
some past studies (e.g. Fraser-McKelvie et al. 2018) have
identified as the main driver of the division in lenticular
sub-populations. We attribute this apparent inconsistency
to the different mass ranges encompassed by the respective
samples, since unlike these other studies, in the present work
we have used a volume-limited subset of S0 galaxies that,
for this reason, contains objects of relatively high mass. In
any event, we have found that, for all the quantities inves-
tigated, the comparison between the PDF associated with
each sub-population has always produced statistically sig-
nificant differences.
As regards the values of the properties assigned to each
spectral class, our findings are, in general, in good agree-
ment with the outcomes from most of the previous studies of
this kind. Using a volume-limited subset of spectra, we have
found that the members of the AC class tend to be slightly
less massive than their passive counterparts, more luminous
though with less concentrated light profiles, and to have a
somewhat younger, bluer stellar component that is poorer in
metals. Besides, while PS lenticulars are present in all kind
of environments, AC objects inhabit preferentially sparser
regions showing abundances that anti-correlate with the lo-
cal density of galaxies. However, the most striking results
are that virtually all AC lenticulars are actively star-forming
systems, with average SFR comparable to those seen in late
spiral galaxies – in fact, they lie in the upper-mass range of
the star-forming main sequence –, together with the obser-
vation that such systems may constitute, at least, a quarter
of the S0 population in the local volume.
Indeed, by reducing the optical spectra of the other
Hubble types to the most fundamental features inferred for
the S0, one can see that the concordance between the AC
lenticulars and late-type disc galaxies is not solely confined
to their similar levels of star formation. Thus, as shown in
Fig. 11, the projections of the spectra of the E galaxies in the
same PC1–PC2 plane defined by the S0, occupy essentially
the narrow, lens-shaped region delineated by the PS spectral
class, whilst the projections of the spectra of the different
spiral classes progressively move towards higher values of
PC1 and lower values of PC2, gradually shifting the peak
of the corresponding density distributions from the origin of
the plane to the lower-right corner of the AC’s region. Even
so, it can be seen that, in addition to all the spectra of E and
Sa, virtually all of the spectra of Sb and the vast majority of
those of Sc remain in this subspace within the limits delin-
eated by the lenticular population. All this can be taken as
evidence that the traditional conception of present-day S0 as
basically red and dead galaxies is not correct, and that this
morphological group should increasingly be treated as an
heterogeneous collection of objects (see also Welch & Sage
2003; Morganti et al. 2006; Crocker et al. 2010; Barway et al.
2013).
Implicit in the fact that one of the major distinguishing
attributes of the two main spectral classes of lenticulars is
the level at which they are currently forming stars, is the
idea that one should expect important differences in their
ISM too. A simple way of checking this would be to use the
measurements of the HI content from the ALFALFA survey
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Figure 12. Inclination dependence of the total internal extinction
in the photometric V band for the two main spectral classes of S0.
The data points and bars represent, respectively, the means and
1σ errors of AV . The axial ratio b/a derived by the SDSS from
two-dimensional, single-component Se´rsic fits in r-band is used
as a proxy for inclination. The adopted range of values for this
observational parameter takes into account the results by Masters
et al. (2010), who find that the intrinsic b/a of S0 galaxies is 0.23.
included in our database. In practice, however, this is not
feasible as the fraction of S0 that have 21-cm data available
is very small (our dataset contains just a few hundred HI
observations for S0), mostly due to the substantially lower
depth of ALFALFA (zhel . 0.06) and its only partial overlap
with the SDSS footprint. Instead, we use another effective
way of revealing the presence of diffuse matter in galaxies,
such as their internal extinction of starlight, for which we
do have abundant data. Fig. 12 demonstrates that our as-
sessment on the ISM of lenticulars is correct. In this plot
we compare the inclination dependence of the total internal
extinction in the V (550 nm) band, AV , for the two main S0
sub-populations. The differences are striking: while the PS
galaxies show a mild, and essentially inclination-free, neb-
ular extinction, the degree of extinction of AC members is
significantly higher and grows linearly with inclination. The
fact that we obtain such markedly different outcomes for
the two types of S0 using a purely photometric parameter
reinforces the reliability of our spectral classification.
The study of the ISM of S0 has been completed with
the application of the statistical test by Jones et al. (1996)
geared towards the determination of the typical optical
depth of a sample. This qualitative test consists of: i) in-
ferring the observed distribution of inclinations, using the
ratio of the semi-minor to semi-major axes; ii) comparing it
with different expectations from simulated samples of disc
galaxies affected by the same selection effects and that con-
tain objects that are either completely optically thin or com-
pletely optically thick; and iii) determining which theoretical
distribution best corresponds to the actual data. We show in
Fig. 13 the observed distributions of inclinations for the two
spectral classes of lenticulars included in the whole MLSS0
dataset, which is a magnitude-selected sample. Comparison
of these distributions with fig. 1b of these authors reveals
that the S0 can be considered, in general, galaxies with a
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Figure 13. Observed distribution of inclinations for the two main
spectral sub-populations of lenticulars in the MLSS0.
relatively low opacity, although the AC’s members appear to
be, as expected, optically thicker than their PS counterparts,
which behave as essentially transparent discs. The possible
effects of internal extinction, as well as of the fixed aperture
of the fibres, on the spectra of the S0 have been explored
in detail on Appendix A, where we demonstrate that they
have a marginal impact on our PCA-based classification of
these objects.
At this point, we feel that it is still premature to start
too detailed a discussion about the possible formation paths
followed by the two sub-populations of lenticulars that we
have uncovered. In relation to this issue, one of our most rele-
vant results is the very significant segregation found between
the intrinsic attributes of the two spectral classes of S0. The
nature of the differences is such that prevents PS lenticulars
to be the outcome of the internal secular evolution of AC
objects, in the sense that the PDF of some properties, such
as Mstar, are at odds with a closed-box transformation of
the local AC into the quiescent S0. However, if one takes
into account the downsizing paradigm in its appearance of
the decline with time of the typical mass of star-forming
galaxies (e.g. Fontanot et al. 2009), then the PS members
could well be the descendants of intermediate-z lenticulars
with AC characteristics, which could even have also acted as
progenitors of the spheroid-dominated post-starburst K+A
galaxies that reside preferentially in the field. Implicit in this
scenario is an increase of the AC/PS fraction with redshift.
On the other hand, the clear anti-correlation found between
the local density of the environment and the fractional abun-
dance of actively star-forming S0, which obeys a nearly per-
fect power law, is another of the elements that could shed
some light in our understanding of the physics involved in
S0 formation. This relationship can be naturally explained
in cluster regions where hydrodynamic interactions are ex-
pected to drive the connection of galaxy properties with the
radial run of the density in these systems. However, it does
not seem very likely that this sort of mechanisms are solely
responsible for a correspondence that, as we have shown, ex-
tends from the densely populated regions of the local volume
all the way down to the most sparse environment. There, we
still see that the galaxies bearing the S0 designation are
mostly absorption-dominated objects, which are unlikely to
form from gas processes but rather through gravitational
effects. It is even possible that these latter mechanisms do
not even work in the emptiest parts of space, where the den-
sity of galaxies is too low for their mutual interactions to be
really effective.
Taken as a whole, what all these results do indeed indi-
cate is that the environment of S0 galaxies must play a piv-
otal role in the modulation of their star formation activity
and, possibly, also of many other of their physical proper-
ties. But with the information we have gathered to date, we
cannot answer yet the fundamental question of what are the
specific environmental mechanisms involved and how have
them played out in detail, without going too far into the
territory of speculation. However, our study of the S0 popu-
lations is still in its infancy. Indeed, we will continue working
in this area in the hope that our research may reveal new
evidence in a not too distant future that allows us to draw
well-founded and more specific conclusions about the possi-
ble formation scenarios of these fascinating objects.
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APPENDIX A: TESTING THE DEPENDENCE OF THE RESULTS ON THE OBSERVATIONAL
SET-UP
In this appendix, we investigate whether there are factors alien to the population of lenticulars that could be biasing their
spectral properties and, hence, their classification and other outcomes of this work.
A1 Effects of aperture: central-to-total light contribution
Our analysis of nearby, bulge-enhanced S0 galaxies is based on SDSS optical galaxy spectra taken using single fibres. The
relatively small diameter of these fibres (3 arcsec) and moderate depth of the selected dataset imply that the flux distributions
they collect do not come from the galaxies as a whole, but from their central regions. For the nearest lenticulars, this could
cause the light entering the spectrograph to essentially come from their bulge component. Were it to be the case, and assuming
bulges are generally a passive element no co-evolving with discs (but see Fraser-McKelvie et al. 2018), one might expect to
see a correlation between the apparent size of the galaxies and their spectra. Therefore, it is not unreasonable to assume
that our spectral classification into passive and active lenticulars could be affected by artefacts associated with the fixed fibre
aperture, since the sampled physical scales vary significantly (from ∼ 0.405 to 1.85 kpc/arcsec for redshifts between 0.02 and
0.1, respectively).
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Figure A1. Top: Frequency distribution of the observed apparent sizes of S0 galaxies with respect to the radius of the SDSS fibres.
Bottom: Median values and interquartile ranges of the three main PC scores for the MLSS0 in bins of log(R50/Rf ) rotated about the
PC3 axis so that the PS for the MLSS0 becomes parallel to the Y axis (see the text for details). The dashed straight lines correspond to
the linear laws fitted to the data points in the new base (black circles for the new abscissae, PC1′⊥, green for the new ordinates, PC2′‖ ,
and purple for the unaffected PC3 values). They can be used to correct, from a statistical point of view, the S0’s spectra for aperture
effects. The nearly horizontal line associated with PC1′⊥ demonstrates that this correction would move the PC scores along a direction
essentially parallel to the PS.
To estimate the potential bias this may induce in the spectral classification, we have devised a strategy consisting first
in quantifying the effects of the fixed fibre aperture on the spectra, or equivalently, on the projections of such spectra on
to the principal components. This has been done by calculating the dependence of PC1, PC2, and PC3, for the entire S0
population, on log(R50/Rf), the logarithm of the ratio between the Petrosian-based estimate of the projected half-light radius
in the r-band provided by the NSA photometry and the radius of the SDSS fibres. The inferred variations turn out to be very
well approximated by linear laws. These simple relationships facilitate the derivation of a straightforward statistical correction
to the data in the subspace of the main principal components to compensate for the aperture effects8 (see below), while
revealing that such compensation entails shifts of different magnitude in the PC values along a common direction.
8 Since any spectrum can be represented by an arbitrarily large linear combination of the ES weighted by the corresponding PC, this
statistical correction could also be directly applied to the original spectra.
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As shown in the bottom panel of Fig. A1, the direction of those shifts is nearly parallel to the PS sequence. This plot
depicts the median values of the first three PC scores per bin of aperture size after applying a clockwise rotation of ∼ 40◦
around the PC3 axis. This is the angle subtended by the observed PS ridge of the MLSS0 with the original PC2 axis (see the
right panel of Fig. 6), which has been inferred from an orthogonal regression fit to the data. In this new basis the PS viewed
along the direction of the PC3 axis adopts an upright position with the AC extending horizontally, so the names assigned to
the new axes: PC1′⊥, PC2′‖ , and PC3, respectively
9. In the rotated frame of reference, the statistical correction of the aperture
effects can be expressed in vector form as
(PC1′⊥,PC2′‖,PC3)cor = (PC1′⊥,PC2′‖,PC3)obs + [log(R50/Rf)∗ − log(R50/Rf)] · (m1,m2,m3) , (A1)
where log(R50/Rf)∗ represents any arbitrary reference value that one wishes to adopt for this quantity – it could be, for instance,
the value of the most populated bin –, and m1 = 0.40, m2 = 3.7, and m3 = −0.30 are the slopes of the fitted straight lines. As
shown by the figure, the correction of the aperture effects would move the PC scores in a direction essentially parallel to the
vertical axis that now is also the PS direction: it forms an angle of less than 6◦! More specifically, we have calculated that
the application of this correction would imply the reclassification of a tiny fraction (always less than one per cent) of the S0
galaxies between adjacent spectral classes, whereas there would not be a single case of change of status between PS and AC.
Therefore, despite the evident effects of the fixed aperture of the fibres on the S0’s spectra, it is clear that their impact on
the PS/TR/AC classification is practically insignificant, so there is no need to take corrective actions in this regard.
The histogram in the upper panel of Fig. A1 provides another useful result related to this issue. It shows that the
frequency distribution of log(R50/Rf) overwhelmingly consists of values Rf > R50 (more than 80 per cent). According to the
distribution of B/D flux ratios shown by S0 (see, for example, the review by Graham 2014), the bulge-to-total light ratios
for this population should range from ∼ 0.1 to ∼ 0.3, with the peak at 0.2. An eyeball estimation of the radius encompassing
these light fractions that accounts for the typical differences in the bulge and disc light profiles indicates that one should
expect the fibres to capture light essentially coming from the bulge component, even in highly inclined S0, for those galaxies
on which log(R50/Rf) & 0.4–0.5 (this is something that we have empirically confirmed). As illustrated by the histogram, there
are very few objects verifying this condition. To give some figures by way of example: only 99 S0 out of the total of 68,022
have log(R50/Rf) > 0.5. This implies that nearly all the single-fibre spectra evaluated should contain some light coming from
the disc component.
A2 Effects of inclination: internal dust reddening
The apparent inclination of the galaxies is another factor that might lead to their spectral misclassification. For a given galaxy
at a fixed distance it determines the relative contributions to the spectrum of the different structural components of the galaxy,
which in turn are modulated by the degree of its internal extinction. In fact, the detection in the present work of a substantial
fraction of S0 with obvious signs of ongoing star formation, as well as the well-known fact that even lenticulars that have used
up or lost most of their interstellar matter may retain significant dust in their discs, suggest that one may expect internal
absorption in these objects to be not totally negligible, especially for highly-inclined star-forming AC S0 (recall that we have
already argued, based on Figs. 12 and 13, that this sub-population should be moderately opaque).
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Figure A2. Median values and interquartile ranges of the three main PC scores for the PS (red circles), TR (grey circles), and AC
(blue circles) galaxies of the MLSS0 in bins of the observed axial ratio b/a, with the latter inferred from 2D single-component Se´rsic fits
in r-band. We show, using separate panels, the values of the main three scores in the same rotated frame of reference used in Fig. A1.
The dashed straight lines correspond to the linear laws fitted to the data points. They can be used to correct, from a statistical point
of view, the S0’s spectra for inclination effects. The plot illustrates an increasing sensibility of the spectral classes to inclination: being
essentially null for the PS, mild for the TR, and somewhat more significant for the AC. As in other figures in which the ratio b/a is
also used, the intrinsic axial ratio of S0 galaxies has been taken into account when introducing a lower limit on the observed inclination
values.
This possibility is confirmed by Fig. A2, where we show the results of applying the same procedure described in Ap-
pendix A1 that transforms the first three PC to a new base in which the PS becomes parallel to the Y axis, to the PS, TR,
and AC spectral classes separately. This plot reveals that the values of the two main PC of the AC galaxies and of the second
one of TR objects are the most sensitive to changes on inclination. It may also be observed that the strength of the bias tends
to decrease with the order of the PC. At the other extreme, the impact of b/a on the spectra of PS members is negligible,
which is consistent with our appraisal that the galaxies of this latter class should contain very small amounts of gas and dust.
As in the case of the aperture effects, the inclination dependencies of the transformed PC scores shown in the three panels
of Fig. A2 are very well approximated by linear laws that can be used to derive a statistical correction to the S0 spectra
that compensates for this bias. But again, we find that the correction of the inclination would move the original PC values
in directions away from the uncorrected PS ridge that form small angles with it: < 2◦, ∼ 2◦, and ∼ 15◦, respectively, for the
PS, TR and AC galaxies. This means that the only correction that could reasonably be expected to have some effect on the
spectral classification of S0 galaxies would be that corresponding to the latter class. By taking the values of the face-on (i.e.
b/a = 1) scores as the baseline, this correction in the rotated frame of reference is
(PC1′⊥,PC2′‖,PC3)corAC = (PC1′⊥,PC2′‖,PC3)obsAC + (1 − b/a) · (m1,m2,m3) , (A2)
where m1 = 2.9, m2 = −10.4, and m3 = 0.20 are the slopes of the fitted straight lines to the AC data10. But much as with the
aperture effects, the inclination biases translate in practice into mis-classification frequencies between adjacent spectral classes
that are very small (of a few per cent at most) and, most importantly, into a null probability that PS galaxies will become AC
and vice versa. It can therefore be concluded that inclination effects, and their correction, do not have a significant impact
on the main conclusions of this work. Note also that corrections of the sort outlined by Equations (A1) and (A2) could be
iterated if necessary until convergence.
Finally, it must be taken into account that the corrections reported above are specific to our sample. They must be
recalculated for datasets of S0 spectra gathered with different selection rules, especially if they involve the use of other aperture
sizes. In any case, the results of the present investigation suggest that, unless the differences in the observational constraints
are dramatic, aperture and inclination effects present in single-fibre optical spectroscopic surveys of the local population of S0
galaxies appear to have a much more limited impact on their spectral classification than might be expected. Even so, the most
efficient way to overcome these limitations is through IFS surveys, such as for instance the aforementioned MaNGA or the
Sydney-AAO Multi-object Integral field spectrograph (SAMI) Galaxy Survey (Allen et al. 2015), both currently under way.
Censuses like these provide full two-dimensional spectral coverage of the galaxies and, once completed, will result in samples
representative of the nearby universe that can easily be corrected to become volume-limited datasets.
10 We are ignoring here the fact that b/a is not fully equivalent to cos i at high inclinations i due to the finite thickness of the lenticular
galaxies.
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APPENDIX B: EXAMPLES OF SPECTRA AND IMAGES OF MEMBERS OF THE TWO SPECTRAL
CLASSES OF S0
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Figure B1. Random examples of individual S0 spectra at different positions of the PC1–PC2 subspace, marked in the last
panel of this figure. Black curves are actual rest-frame shifted, re-binned, and normalised spectra of our main sample with
gaps filled as explained in Section 3. The red curves on top show the reconstructed spectra obtained by combining the mean
of the S0 spectra with the first ten eigenspectra, which explain 97 per cent of the variance of the training sample (see Fig. 1).
Panels (a)–(e) are for galaxies included in the class dubbed Passive Sequence, whereas panels (f)–(k) are for members of the
Active Cloud. The colour images of the galaxies producing these spectra are shown in Fig. B2.
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Figure B1. Cont.
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Figure B2. SDSS colour images of the S0 galaxies producing the spectra shown in Fig. B1.
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APPENDIX C: PDF OF SOME PROPERTIES OF THE TWO SPECTRAL CLASSES OF S0
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Figure C1. Violin plots showing for the members of the Passive Sequence (red) and the Active Cloud (blue) in the VLSS0
their PDF for the eight spectrophotometric properties that are found to correlate most strongly with the first three PC.
From left to right and top to bottom: Hα equivalent width, specific star formation rate per unit stellar mass and per galaxy,
metallicity and mass of the stellar population, stellar mass-to-r-band-light ratio, (g − r) colour, and D4000 break. The central
dots and boxes indicate, respectively, the medians and interquartile ranges of the distributions. In all cases the two-sample
KS test returns p-values  0.05 indicating a very low likelihood that the two main S0 spectral classes come from the same
parent population.
MNRAS 000, 1–26 (2020)
26 J. L. Tous et al.
This paper has been typeset from a TEX/LATEX file prepared by the author.
MNRAS 000, 1–26 (2020)
